Measurement of electrical properties of fiber-reinforced plastics (FRPs) is an attractive method for predicting fatigue life and recording strain in FRPs. In this study, we prepared ferroelectric specimens laminated with woven carbon fabric and BaTiO 3 particulate epoxy. We measured those specimens' electrical properties during tensile testing. Electrical resistance increased slightly and the electrical capacitance decreased as the tensile stress increased up to 500 MPa. As the tensile stress increased above 500 MPa, the electrical resistance and electrical capacitance increased. The electrical resistance and capacitance may be dependent on the applied tensile stress because of delamination between an epoxy layer and a carbon fabric layer, and fiber breakage in carbon fabric layers. Capacitance degradation from the beginning of tensile testing indicates that the addition of BaTiO 3 particles into epoxy layers induced the delamination. Subsequently, piezoelectric specimens laminated with woven carbon fabric and poled lead zirconate titanate (PZT) particulate epoxy were prepared for repeated loading tests. Thereby, we investigated the relationship between loading and piezoelectric signals. Variation in the capacitance of epoxy layers rather than that in the polarization of PZT particles may be the generation mechanism of measured signals in the piezoelectric specimens. The peak interval in the piezoelectric signal waveforms was deeply related to the applied tensile stress. The peak intensity tended to increase with loading cycles.
Introduction
Fiber-reinforced plastics (FRPs) are popular materials in construction, aerospace, marine craft, and automotive industries because they provide high strength and high stiffness. However, FRPs present several drawbacks in their use for all applications: high cost, brittle behavior, and unreliable fatigue life. Measurement of electrical properties of FRPs has been attractive for prediction of fatigue life and recording of FRP strain. [1] [2] [3] [4] Many researchers have measured the behavior of electrical resistance in FRPs during tensile loading. Most have reported that variation in electrical resistance during tensile loading depended not only on the fiber strain, but also on fiber breakage and delamination at the interface of the fibers and the plastic matrix. The latter is a pronounced damage mechanism. Schulte et al. investigated the correlation between variation in electrical conductivity and mechanical damage of unidirectional carbon fiberreinforced plastic (CFRP) composites under tensile and fatigue loading. They were able to detect damage using CFRP conductivity. 1) Muto et al. reported that the loading history of a CFRP structure could be estimated by measuring the residual resistance of CFRP after unloading.
2) Kupke et al. measured AC electrical properties, i.e. capacitance and dissipation of CFRP for in-situ stress and strain detection. They concluded that the carbon fibers and their connecting points functioned as resistors and that the spaces between the fibers functioned as capacitors.
3) Park et al. addressed the correlation between mechanical damage and variation in an electrical resistance of unidirectional CFRP under tensile loading using electromechanical modeling. 4) In spite of the many studies mentioned above, the influence of mechanical damage and applied stress on the electrical properties of woven carbon fabric composites have not been investigated because such composites have overly complicated structures. Their stress states during loading are difficult to analyze. 5) However, woven fabric carbon laminates are interesting materials. If a woven-fabric carbon layer and an insulating plastic layer are laminated together, the plastic layer will be sandwiched between two carbon layers. Thereby, the plastic serves as a capacitor. Its electrical properties might vary according to damage and strain of the plastic layer. Furthermore, addition of ferroelectric particles into a plastic layer might be effective to produce a plastic layer that serves as a capacitor because it increases the plastic layer capacitance. Especially, the plastic layer capacitance increases to the extent that ferroelectric particles in a plastic layer bridge the two carbon layers that sandwich the plastic layer. The plastic layer capacitance is degraded if delamination occurs at the interface between the plastic and the carbon layers.
On the other hand, monitoring of laminates composites' integrity using piezoelectric patches has been attractive because of the good strain-voltage linearity that it offers. 6, 7) Nevertheless, damage detection and stress monitoring of woven carbon fabric laminates by directly mixing piezoelectric powder in laminates have not been studied. If the insulating layer of woven-fabric carbon laminates has piezoelectricity, the piezoelectric signals caused by vibration can be obtained through carbon layers. Those signals may depend on the damage and strain in the laminates.
This study mixed BaTiO 3 and lead zirconate titanate (PZT) powder with epoxy matrix to insulate between woven carbon fabric layers. BaTiO 3 has high ferroelectricity, which enhances the capacitance of epoxy layers; 8) PZT has quite high piezoelectricity, which generates piezoelectric signals by vibration. 9) This study is intended to investigate the possibility of evaluating the damage or strain of woven fabric FRP by addition of ferroelectric or piezoelectric ceramics particles. Laminates with woven carbon fabric and BaTiO 3 particulate epoxy were prepared to measure the relationship between tensile loading and electrical properties. Then, laminates with woven carbon fabric and PZT particulate epoxy were prepared for repeated loading tests. The relationship between the applied stress and the piezoelectric signal was investigated during repeated loading.
Experimental Procedure
We used BaTiO 3 composition powder (Y5V-120; KCM Corp.) to prepare ferroelectric specimens. The BaTiO 3 composition powder was pressed into a green body under pressure of 200 MPa using cold isostatic pressing. It was sintered in air for 2 h at 1603 K with a heating rate of 150 K/ h. The sintered powder was crushed by stamp milling and put through a sieve to yield the 150-500 mm diameter BaTiO 3 powder. Two-pack epoxy resin adhesive (1500; Cemedine Co. Ltd.) was diluted using acetone in a ratio of 1:3 by volume. The diluted acetone was mixed with BaTiO 3 powder in the ratio of 1:1 at weight. Woven carbon fabric sheets (PAN; Toho Tenax Co. Ltd.) were cut to 110 mm Â 13 mm. After applying the epoxy adhesive with BaTiO 3 powder to the woven carbon fabric sheets, the three woven carbon fabric sheets were laminated where fiber orientation of carbon fabric sheets was 0 /90 as shown in Fig. 1 . The epoxy resin was cured during one day under pressure of 10 MPa and laminated ferroelectric specimens were obtained. Notches of 0.5 mm diameter and 3 mm depth were put into both ends of the center of the specimens. Figure 1 shows that electrodes were attached to two carbon fabric layers of the specimens to measure electrical properties of the sandwiched epoxy layer. Three ferroelectric specimens as shown in Fig. 1 underwent tensile testing with a displacement rate of 0.05 mm/min. The electrical resistance and capacitance between the electrode pair were recorded during tensile testing using the circuit.
On the other hand, PZT powder (C-6; Fuji Ceramics Corp.) was selected for piezoelectric specimens. The PZT powder was obtained by crushing and ball-milling poled bulk PZT; the average diameter of the powder was 0.46 mm. Two-pack epoxy resin adhesive (1500; Cemedine Co. Ltd.) was diluted using acetone in the ratio of 1:5 by volume. The diluted epoxy was mixed with PZT powder in the ratio of 10:1 by weight. The epoxy adhesive with PZT powder was sandwiched between two woven carbon fabric sheets with 0/90 orientation. The epoxy resin was cured during one day under pressure of 10 MPa. Electric voltage of DC 300 V was applied between the carbon fabric sheets while curing the epoxy adhesive to maintain the polarization direction of PZT powder perpendicular to the carbon fabric sheets. Cured samples were cut to 110 mm Â 13 mm; the three cut samples were laminated through epoxy adhesives. Laminated piezoelectric specimens were obtained as shown in Fig. 2 . The notch and electrodes were put into the specimens in the same manner as for the ferroelectric specimens. Five piezoelectric specimens underwent repeated loading tests with a displacement rate of 0.05 mm/min. The maximum load was incremented by 490 N at each loading cycle. Specimens were hit with a small hammer every 5 s to generate piezoelectric signals from embedded PZT particles during repeated loading. Figure 3 shows that three specimens were hit on the surface where epoxy adhesive with PZT particles was applied (side A). The other two specimens were hit on the other side (side B). Three electrodes were attached to carbon layers in each specimen, as shown in Fig. 3 . A small hammer was connected to ground. Signal waveforms caused by impact with the specimens were recorded using a digital oscilloscope.
The specimen thickness scattered from 1.5 to 1.7 mm for ferroelectric specimens and from 1.0 to 2.2 mm for piezoelectric specimens because the epoxy layer thickness was uncontrolled. However, thickness of the woven fabric carbon layer was constant (ca. 0.2 mm). Most of the load is applied to carbon fibers in FRP. Hence, applied stress was calculated from dividing the load by the cross-sectional area of carbon fibers between two notch tips in all specimens. Figure 4 shows fragments of carbon fibers that were mixed in the epoxy matrix layers when the specimens were prepared. They bridged between carbon fabric layers across a BaTiO 3 mixed epoxy layer; such a connection of carbon fabric layers by carbon fiber fragments degraded the insulation between carbon fabric layers. Contamination by carbon fiber fragments is avoidable through careful specimen preparation. Figure 5 shows time-load curves of three ferroelectric specimens during tensile testing. As tensile loading increased, carbon fiber breakage occurred and the compliance of specimens was gradually degraded. Figure 6 shows timeload curves and the electrical resistance and capacitance behaviors of three ferroelectric specimens during tensile testing. As mentioned above, the specimens' initial values of electrical resistance varied greatly independent of specimen thickness because carbon fabric layers of the specimens were not well insulated. Figure 6 (a) shows that the electrical resistance increased gradually as the tensile stress increased. The increase in electrical resistance is probably related to delamination at the interface between the carbon fabric layer and an epoxy layer because such delamination reduces the connecting points of the carbon layer and the carbon fiber fragment. On the other hand, the initial value of electrical capacitance of the specimens seems to depend on specimen thickness: specimen FB was the thinnest and had the highest capacitance of the three specimens, as shown in Fig. 6(b) . The electrical capacitance decreased as tensile stress increased up to 500 MPa. The electrical capacitance increased as the tensile stress increased above 500 MPa. The addition of BaTiO 3 particles into epoxy layers should increase the capacitance of epoxy layers as long as the BaTiO 3 particles bridge the two carbon fabric layers. Capacitance of the epoxy layers with BaTiO 3 particles decreases to become approx- imately that of the epoxy matrix if the BaTiO 3 particles' bridging points are decreased. For that reason, the measured capacitance is deeply related to delamination at the interface between a carbon fabric layer and BaTiO 3 particles in an epoxy layer. Capacitance degradation between the two carbon fabric layers started from the beginning of tensile testing, as shown in Fig. 6 (b), indicating that delamination occurred at low tensile stress; the interface strength between a carbon fabric layer and BaTiO 3 particles was very weak. Therefore, we infer that the addition of BaTiO 3 particles into the epoxy matrix induced delamination; the fatigue strength of FRP might decrease with addition of BaTiO 3 particles.
Results and Discussion

Laminates with woven carbon fabric and BaTiO 3 particulate epoxy (Ferroelectric specimens)
The following recovery of capacitance between two carbon fabric layers probably corresponds to carbon fiber breakage.
The applied stress to carbon fibers decreases as a result of fiber breakage. Thereby, the fibers contact with BaTiO 3 particles again and capacitance between the two carbonfabric layers recovers. Finally, Fig. 6 shows that adding BaTiO 3 particles allows damage detection in FRP laminates through measurement of electrical properties between carbon fabric layers, but the degradation of fatigue life caused by adding BaTiO 3 particles must be considered. Figure 7 shows a cross section of piezoelectric specimens. An epoxy matrix layer consists of three layers. Layer P 1 in Fig. 7(b) is formed by PZT particles mixed into epoxy adhesive that was applied on carbon fabric sheets. Part of layer P 1 penetrates carbon fabric layers during curing; it thereby forms layer P 2 . An epoxy adhesive layer that is used for laminating FRP sheets forms layer E. Consequently, carbon fabric layers in FRP laminate specimens are sandwiched between layers P 1 and P 2 . The poling direction of layer P 2 is opposite that of layer P 1 because DC 300 V is applied to a carbon fabric sheet during FRP sheet curing; negative poles of PZT particles in epoxy layers are consequently attracted to a carbon fabric layer. Figure 8 shows the structure of the piezoelectric FRP laminates prepared in this study: the polarization effects of PZT particles in layer P 1 were degraded by those in layer P 2 . Another problem is an agglomeration of PZT powder like that shown in Fig. 7(b) . Agglomerated PZT structures show little piezoelectricity because the poling direction of PZT particles in the agglomerated structures is not uniform. Such an agglomeration is reduced using an appropriate dispersion agent. Figure 9 shows typical waveforms of V 1 and V 2 obtained by hitting side A of piezoelectric specimens. V 1 waveforms showed a negative peak followed by a positive peak. V 2 showed the same behavior as V 1 , but the amplitude of V 2 was much weaker than that of V 1 . This tendency was shown by all piezoelectric specimens and was independent of the hitting sides of specimens. If the polarization of layer P 1 was sufficiently stronger than that of layer P 2 , the effect of polarization between a pair of carbon fabric layers would remain and have identical direction to that of layer P 1 ; the V 1 waveforms obtained by hitting side A should be different from those obtained by hitting side B. Hence, between a pair of carbon layers, the polarization effect of layer P 1 was negated by that of the layer P 2 ; V 1 and V 2 waveforms reflected only the polarization effect of the hitting surface layer (P 1 or P 2 ). Polarization effects of all PZT mixed layers cause V 1 waveforms. Therefore, specimen preparation will be improved in further studies if poling directions of PZT particles are uniform in a specimen. When a voltage waveform is measured from electrodes that sandwich a vibrating piezoelectric material, the waveform is usually interpreted as a variation in polarization of the piezoelectric material resulting from an applied stress. However, V 1 waveforms showed an opposite tendency to that expected from variation in PZT polarization, as shown in Fig. 10(a) . When a compressive stress is generated first by hitting a specimen, the electrical dipole moment of each PZT particle decays with the increase in compressive stress. Therefore, excessive positive electric charges are released from carbon fabric layers, as shown in Fig. 10(a) : V 1 waveforms show a positive peak first. A possible reason why V 1 waveforms show a negative peak first is variation in capacitance between a carbon fabric layer and a steel ball while hitting piezoelectric specimens. The distance between a carbon fabric layer and a steel ball continues to decrease when a small hammer is swung down to a specimen surface. When the steel ball hits the specimen surface and the compressive deformation perpendicular to the carbon fabric layer occurs in the specimen. The distance between the carbon fabric layer and the steel ball continues to decrease. Thereby, the capacitance increases with the decrease in the electrode separation, i.e., the distance between the carbon fabric layer and the steel ball. As a result, more positive electric charges flow into to the carbon fabric layer, as Fig. 10(b) shows: V 1 waveforms show negative peaks first. For PZT bulk materials, such variation in capacitance is much smaller than variation in PZT polarization because the PZT deformation is negligible compared to variation in the PZT polarization. However, the elastic modulus of an epoxy adhesive is approximately 1 GPa, whereas that of PZT is 60 GPa. The deformation of an epoxy matrix is much greater than that of PZT particles in an epoxy layer with PZT particles. It is difficult to estimate variation in polarization and capacitance between a steel ball and a carbon fabric layer, considering a parallel plate capacitor like that shown in Fig. 11 . The capacitor sandwiches the laminate comprising epoxy and PZT layers; the electrode separation is d. A PZT layer gives spontaneous polarization P s to the electrodes (a pair of capacitor plates). P s is defined as
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where e 0 and e c are the dielectric constant of vacuum and the relative dielectric constant of the laminate, respectively. V s is the difference, caused by P s , in the electrical potentials between two electrodes. When uniform tensile stress is Variation in Electrical Properties of Laminates with Woven Carbon Fabric and Ferroelectric or Piezoelectric Particulate Epoxyapplied perpendicular to the electrodes, as shown in Fig. 11 , d is increased in proportion to strain in the laminate " c whereas the polarization of a PZT layer is also increased in proportion to . In that case, the polarization of a capacitor P and its variation ÁP are
; and ð2Þ
where g p is the piezoelectric voltage constant of the PZT layer. Because the applied stress is uniform in the laminate, the elastic modulus of the laminate perpendicular to the electrodes is given as
where E m and E p are the elastic moduli of the epoxy and PZT layers, respectively, and v p is the volume fraction of a PZT layer in the laminate. If ( E c , ÁP can be approximated as
then V s =ðdE c Þ and g p influence variation in capacitance and polarization, respectively. If variation in capacitance is greater than that of polarization, then
The g p of the PZT used in this study was 2:2 Â 10 À2 Vm/N. Consequently, assuming that E m ¼ 1 GPa, E p ¼ 60 GPa, and v p ¼ 0:1, P s should be greater than 0.43 C/m 2 to satisfy eq. (6). Although P s of the PZT used in this study has not been measured, Yamamoto calculated P s for all compositions of the PZT system using phenomenological thermodynamics. That study showed that P s for a tetragonal PZT system was higher than 0.5 C/m 2 . Therefore, the possibility exists that variation in capacitance of a PZT mixed epoxy layer overcomes that in polarization. Figure 9 shows the influence of tensile stress and damage of piezoelectric specimens on the V 1 waveforms as investigated using the amplitude of a negative peak V p1 and the interval of a negative peak to a positive peak T pp . Figure 12 shows typical behaviors of these parameters during repeated loading tests. T pp were deeply related to an applied tensile stress. In this fabric, the fiber bundles cross each other in a regular pattern. This crossing of yarns engenders a repeating undulation, which is, in the case of tensile loading parallel to warp, straightened out first. As a consequence, the resonance frequency of warp is increased with tensile loading. Such an increase in the resonance frequency degrades T pp . Figure 13 shows the relationship between the applied stress and the inverse of T pp for the specimen shown in Fig. 12. An applied stress or strain is estimable using T pp when stress is applied parallel to warp or weft. Figure 14 shows variation in V p1 in five piezoelectric specimens with loading cycles: V p1 tends to rise with the loading cycles. Such an increase in V p1 might indicate damage to the specimens during repeated loading. The elastic modulus of the epoxy layers is degraded if damage by repeated loading accumulates in epoxy layers of the FRP laminate. The lower elastic modulus engenders greater deformation and consequently larger V 1 waveforms from hitting specimens. However, V p1 behavior varies widely among specimens because the specimen thickness was not controlled and PZT particles were agglomerated. Further study is needed to confirm that V p1 corresponds to damage of the FRP. 
Conclusions
(1) We prepared laminates with woven carbon fabric and BaTiO 3 particulate epoxy, then measured the electrical resistance and capacitance between carbon fabric layers during tensile testing. Electrical resistance of the specimens did not change initially, but increased with applied tensile stress. The electrical capacitance of the specimens decreased initially, but increased thereafter with applied tensile stress. Delamination between an epoxy layer and a carbon fabric layer and the subsequent fiber breakage in the carbon fabric layers might explain the electrical resistance and capacitance dependence on the applied tensile stress. Capacitance degradation from the beginning of tensile testing indicated that the addition of BaTiO 3 particles into the epoxy layers caused delamination. (2) We prepared laminates with woven carbon fabric PZT particulate epoxy. The piezoelectric signals generated by hitting the specimens were measured as the specimens underwent repeated loading. A possible generating mechanism of the measured signals in the piezoelectric specimens prepared in this study is variation in the capacitance of epoxy layers, rather than that in the polarization of PZT particles. The peak interval of waveforms of the measured piezoelectric signals was related closely to the applied tensile stress. The peak intensity tended to increase with the loading cycle. It might indicate specimen damage caused by repeated loading. 
